I. INTRODUCTION
Since the introduction of the term deep eutectic solvents (DESs) in 2003, 1 studies directed at the application of molten eutectic mixtures as liquid media have emerged tremendously. A eutectic mixture can result from mixing two (or more) components, yielding liquids at temperatures below the melting temperature of their pure constituents. 2 Any binary mixture with immiscibility in the solid phase and miscibility in the liquid phase shows eutectic behavior. 2 The physicochemical properties of liquid eutectic mixtures depend on their constituents and can be further tuned by changing the composition of the mixture. Hence, eutectic mixtures have been investigated for a wide variety of applications, e.g., electrochemistry, 3 polymerization, 4 thermal energy storage, 5, 6 pharmaceuticals, 7, 8 and liquid-liquid extraction. 9, 10 Whether a eutectic mixture can be applied as a stable liquid is determined by its phase behavior. At a certain operating temperature (and pressure), the liquid range of a simple eutectic mixture is confined by its liquidus phase boundaries. The construction of eutectic phase diagrams is therefore very relevant to the application of eutectic mixtures. Nonetheless, reliable solid-liquid equilibrium (SLE) phase behavior data a) Authors to whom correspondence should be addressed: a.c.c.esteves@tue.nl, on DESs are scarce, 11 partly because eutectic melts were only considered as liquid solvent media since the beginning of this century. Other explanations for this scarcity are the often high viscosity (>100 mPa s at ambient temperature) 12 and hygroscopicity 13 of DESs. These properties complicate sample handling and reduce the reproducibility of phase behavior data. Moreover, many eutectic systems show significant supercooling, [14] [15] [16] which interferes with the recrystallization that is required for the determination of the liquidus phase boundary using dynamic analysis techniques. Most commonly, the solidus and liquidus temperatures are analyzed with differential scanning calorimetry (DSC). [17] [18] [19] Other calorimetric and optical analysis techniques [such as hot-stage microscopy (HSM) and melting point apparatus] can be used as well. 13, 20 Using these dynamic techniques, the temperature of a mixture with a known composition is varied, while its phase state is detected. Figure 1 shows a typical phase diagram of a eutectic mixture. Steps I-III (red path) illustrate how a sample undergoes various phase transitions upon melting using dynamic analysis techniques. Typically, an initial heating step is applied in order to homogenize the sample (I). The liquid mixture is subsequently cooled below the solidus temperature (II) to induce crystallization and to form a uniform solid phase composed of immiscible solids A and B. However, many DESs do not crystallize within time scales practical for dynamic analysis; some mixtures only crystallize after several days or longer. 21 Instead, they are supercooled towards a metastable liquid phase and eventually towards the amorphous solid state (glass). Many DESs were categorized as low FIG. 1 . Schematic representation of a eutectic two-component phase diagram. The red arrows illustrate typical temperature paths when applying dynamic techniques. A mixture (x B ) is (I) heated until all solid has melted, (II) cooled below solidus T for crystallization, and (III) heated until all solid has melted while following phase transitions. Cooling/heating rates are fixed, and steps (II) and (III) can be repeated. The blue arrows illustrate the equilibriumbased approach: a mixture (x B ) is (1) heated to a known T, (2) left at that T for sufficient time to reach equilibrium, and then (3) the liquid and solid phases are separated isothermally and their compositions are determined.
transition temperature mixtures, only showing a glass transition temperature with DSC. 22 Glass formation is especially enhanced close to the eutectic point. [14] [15] [16] Hence, dynamic analysis techniques are not always suitable to study the liquid range of DESs and other eutectic mixtures.
The crucial crystallization step can be avoided when using the experimental procedure explored in this paper: the centrifuge method. Following this method, the mixture is only partially liquefied and kept at a constant temperature within the L + S region of the phase diagram (Fig. 1 , blue path, step 1). After reaching thermodynamic equilibrium between the solid and liquid phase, the phases are separated through centrifugation ( Fig. 1 , blue path, steps 2-3). A point on the liquidus phase boundary is then obtained via composition analysis of the liquid phase (typically the top phase). In principle, any other S-L phase separation technique could be applied, such as sedimentation and filtration. However, the high viscosity exhibited for most DESs leads to long sedimentation times (gravity only) and high filtration pressures or filter clogging. Hence, accelerated sedimentation by centrifugation was considered as the most appropriate technique for S-L phase separation after equilibration.
The formed liquid can only be considered in equilibrium with the solid phase when the components are homogeneously dissolved in both phases and the phases are in full contact. Hence, the initial solid mixture should be homogenized prior to measurement, for instance, through grinding. The mixtures cannot be considered homogeneous on a molecular level when using a pestle and mortar. For simple eutectic mixtures, this suffices because the liquid formed at the interface between the two solid components is believed to facilitate further liquefaction, 23 allowing the mixture to reach equilibrium with the pure solids. Usually, binary mixtures of organic compounds do not form solid solutions. 24 When a eutectic mixture does form solid solutions, more extensive pretreatment techniques like ball-milling 25, 26 are required to achieve a homogeneous solid phase before the measurement. Another option would be to melt the mixture completely at temperatures above the liquidus phase boundary followed by recrystallization of the sample over a time period sufficient to solidify the mixture. For systems showing a strong supercooling tendency, this could be rather time-consuming.
Centrifuges have been used before to study eutectic systems. Metal alloys 27, 28 and binary mixtures of molten salts [29] [30] [31] have been studied in tailor-made centrifugal setups that could operate at high temperatures. The high temperature complicates sampling of the liquid phase; hence, the mixtures are typically quenched or (rapidly) cooled followed by composition analysis of the resulting solid phases. For metals and high-melting temperature salts, quenching is an option because supercooling or vitrification occurs at high cooling rates only, except for some very specific multicomponent (4 to 5 components) mixtures and alloys. 32 The aim of this work is to verify whether the equilibriumbased centrifuge method can be used to study the liquidus phase boundary of binary eutectic systems. As a reference system, the binary mixture of 1,2-diphenylethane (bibenzyl) and 1,1 -biphenyl (biphenyl) was selected. This binary system shows ideal eutectic phase behavior between 302 and 342 K, 33 which is largely within the temperature range of the employed centrifuge equipment (263-333 K). Furthermore, the phase diagram of the biphenyl-bibenzyl system could be reconstructed and verified with DSC since it is not sensitive to supercooling. The method was thereafter also applied to a eutectic system that is sensitive to supercooling: the ureacholine chloride mixture, one of the first reported DESs. 1 This centrifuge method, upon successful verification, offers a powerful alternative to construct the liquidus phase boundaries of DESs, particularly of the ones which are hard to quantify owing to strong supercooling behavior.
II. MATERIALS AND METHODS

A. Chemicals
Urea and choline chloride (ChCl) were dried for >48 h under high vacuum and stored under a dry nitrogen atmosphere before use. Table I shows the chemicals used in this work, including their supplier, the CAS number, and purity (as stated by the supplier). Biphenyl and bibenzyl showed a significantly lower melting point than those reported in the literature. For that reason, they were slowly recrystallized for several hours at ambient temperature from warm ethanol (318 K). Subsequently, the crystals were filtrated under vacuum and washed with cold ethanol (to prevent dissolving of the crystals). Residual ethanol was removed in 4-8 h using a rotary evaporator at ∼175 mbar and 333 K for bibenzyl and 348 K for biphenyl, respectively. The pure molten bibenzyl and biphenyl were recrystallized at room temperature and ground to a fine white powder using a mortar and pestle; their melting points were evaluated with DSC. This procedure was repeated until the melting point was in agreement with previously reported values in the literature.
B. Sample preparation, equilibration, and separation
A graphical representation of the centrifuge method is shown in Fig. 2 .
Binary mixtures with a total weight of 6 g were ground with a mortar and pestle at the aimed compositions under dry nitrogen atmosphere, inside a glove box. For the biphenylbibenzyl system, six different compositions on both sides of the eutectic composition were prepared (see Table II ). For urea-ChCl, the compositions were selected at which the liquidus temperature falls within the temperature range of the centrifuge, as estimated from literature data. 13, 34 The solid mixture was added to a 10 ml centrifuge tube (length 90 mm, inner diameter 14 mm). The tubes were sealed with a cap equipped with an integrated temperature logger (resolution 0.1 K, accuracy ±0.2 K, precision ±0.1 K) custom-made by Avular B.V. Eindhoven, The Netherlands. It was ensured that the sensor tip of the temperature logger was immersed at least 5 mm into the mixture throughout the experiment before sampling.
Equilibration was done outside the centrifuge in a thermostated aluminum heating block regulated by an IKA RCT basic hot plate equipped with an ETS D-5 controller (accuracy ±0.5 K, precision 0.1 K) for ≥30 min. The centrifuge (Sigma 2-16KHL, temperature range 263-333 K, resolution of 1 K) showed systematic over-and under-heating; see Sec. A of the supplementary material. The samples were centrifuged at the aimed temperature for 30 min at 3500 rpm. The mixture's temperature was logged during equilibration and centrifugation for the biphenyl-bibenzyl system and measured after centrifugation with a pre-heated Pt100 sensor for the urea-ChCl system. After centrifugation and temperature analysis, a sample (10-50 mg) of the liquid (top phase) was taken with a Finn-pipet with a plastic tip for composition analysis with 1 H-NMR. The insulating properties of the plastic tip retarded the cooling of the sample and prevented crystallization during sampling (only relevant for the biphenyl-bibenzyl mixtures). TABLE II. Overview of the initial molar biphenyl (x bip,ini ) and urea (x urea,ini ) fractions used for the centrifuge method and the temperatures set at the centrifuge (T set ). 
C. DSC analysis
A TA instruments DSC Q2000 equipped with a standard cell, flushed with nitrogen (50 ml min −1 ), and a liquid nitrogen cooling system (LNCS) was used for DSC analysis. The cell constant calibration and validation were performed with high purity indium (>99.95%) as a reference standard. The temperature calibration was done with high purity indium and cyclohexane (>99.9%, melting and solid-solid transition). An empty aluminum hermetic Tzero pan was used as the reference pan. The heat capacity calibration was performed with a 26.308 mg synthetic sapphire disk crimped into a hermetic Tzero pan matching the weight of the reference pan within 50 µg. Samples of 5-7 mg were added to a hermetic Tzero pan. All thermograms were analyzed using the Universal Analysis software package (version 4.5A). The composition of the samples containing the binary mixtures of interest was determined with 1 H-NMR spectroscopy after DSC analysis. To this aid, the DSC pan was punctured and its content was dissolved in the appropriate deuterated solvent. The accuracy of the temperature, enthalpy, and heat capacity was estimated at 0.05 K, 2%, and 3%, respectively, determined from verification runs of the calibration standards. The precision of the onset and peak temperatures was 0.1 K and 0.5 K, respectively. The precision of the enthalpy and heat capacity was 3% and 5%, respectively.
Thermal properties of pure biphenyl and bibenzyl
In order to determine the melting temperature and melting enthalpy, the bibenzyl samples were heated at a rate ( β) of 1 K min −1 from 303 to 333 K and cooled at the same rate for at least two cycles (see Sec. B of the supplementary material for the selection of the heating rate). The biphenyl samples were heated at β = 1 K min −1 from 323 K to 353 K and cooled at the same rate for at least two cycles. For both components, the onset temperature of the melting peak was taken as melting temperature. The enthalpy was calculated from the integral of the melting peak.
The liquid-and solid-phase molar heat capacities of biphenyl and bibenzyl were measured using a modulated temperature program for the DSC. The sample was equilibrated at 253 K; then, the sample was heated to 373 K with an average heating rate of 1 K min −1 and a temperature modulation of ±0.2 K per 120 s. The molar heat capacity was calculated from the specific reversing heat capacity and the molar mass of the compound of interest. The data were recorded for at least two samples and then averaged.
Analysis of the solidus and liquidus temperature
The biphenyl-bibenzyl mixtures were subjected to the heating programs listed in Table III . The onset of the first peak in the resulting thermograms was taken as solidus (eutectic) temperature, and the maximum of the second peak was taken as liquidus temperature (see Sec. B of the supplementary material for the rationale behind the peak event selection). The peak maximum was determined as the maximum of the heat flow signal. However, in the case of a shoulder or a second peak in the liquidus DSC signal, the last minimum of the second derivative of the heat flow was taken as peak maximum (supplementary material, Sec. B).
D. Composition analysis with 1 H-NMR spectroscopy
Biphenyl-bibenzyl mixtures were dissolved in approximately 1 ml CDCl 3 with 3 v/v% tetramethylsilane (TMS) as the internal standard, while the urea-ChCl mixtures were dissolved in DMSO-d 6 . The resulting solution was then transferred to a 5 mm thin-walled economic Wilmad NMR tube. The tube was capped and sealed with Parafilm® to avoid solvent evaporation. A Bruker 400 MHz spectrometer equipped with an autosampler carrousel was used for 1 H-NMR spectroscopy. The spectra were recorded using 16 scans with a relaxation time of 5 s between the RF pulses, and the spectra were auto-shimmed and auto-phased by the Bruker TopSpin® software used to control the equipment. The peaks were manually integrated using MestReNova 10.0.2, after applying a Withaker Smoother baseline correction and small phase corrections if necessary. The molar ratio of biphenylbibenzyl and urea-ChCl was calculated from these integrals, as described in Sec. C of the supplementary material, where it is also explained how the accuracy and precision of the composition analysis depend on the molar ratio of the studied mixture.
TABLE III. Heating steps applied in the DSC heating program. Quantity β is the heating rate of interest, and steps 2-6 and 2-5 were repeated for heating rates 0.5 ≤ β ≤ 2 K min 1 and 5 ≤ β ≤ 10 K min 1 , respectively.
Step Heat to 373 K at β K min 1
III. RESULTS AND DISCUSSION
A. Pure components of the reference system
In order to verify the purity of the recrystallized bibenzyl and biphenyl, their melting temperatures and enthalpies were compared to literature data. As shown in Table IV , the bibenzyl and biphenyl melting temperature and enthalpy of fusion agree with their corresponding literature values after recrystallization. Two batches of bibenzyl were recrystallized, showing no significant differences in melting behavior.
With modulated DSC, the heat capacity was recorded upon heating, providing a continuous C p,m signal as a function of temperature. 39 These data were fitted to a second order polynomial for both the solid and liquid phases using the following equation:
where C 
B. Construction of the reference phase diagram with DSC
The SLE phase diagram of the biphenyl-bibenzyl system was reconstructed using DSC. This was done in order to confirm the measured phase diagram presented in 1935 by Lee and Warner. 33 The liquidus phase boundaries of a simple eutectic system-i.e., complete miscibility in the liquid phase and complete immiscibility in the solid phase-can be described thermodynamically, 2,40 using 37 18.8 38 where x L i is the mole fraction of component i in the liquid phase, γ L x,i is the activity coefficient of component i in the liquid phase, ∆ fus H * m,i is the molar enthalpy of fusion of pure i, R is the gas-constant, T * fus,i is the melting temperature of pure i, T is the temperature of the mixture, and ∆ L S C * p,m,i (T ) is the difference between the solid and liquid molar heat capacity at constant pressure of pure i. At the hypotectic side, (2) describes the equilibrium between pure solid bibenzyl and the liquid mixture, while at the hypertectic side, this is the equilibrium between pure solid biphenyl and the liquid mixture.
In Fig. 3 , the DSC data, the literature dataset, and the results from the centrifuge method are presented together with the two ideal liquidus boundaries (γ L x,i = 1). Both the liquidus and solidus temperatures obtained by DSC are in good agreement with those presented by Lee and Warner 33 and follow a trend that is nearly ideal. For the liquidus temperatures, the best results were obtained with the peak maxima that were extrapolated to the equilibrium condition of zero heating rate ( β = 0). A more detailed discussion on the extrapolation and the heating rate dependency of the thermograms is given in Sec. B of the supplementary material. The ideal liquidus boundaries were constructed with (2), using the measured ∆ fus H * m,i , T * fus,i , and fitted ∆ L S C p,m (T ) of the recrystallized pure components as input (see Table IV and Sec. D of the supplementary material). The intersection of the two liquidus curves was taken as the eutectic point. The solidus phase boundary was drawn as a horizontal line through this eutectic point.
The polynomial fits of the experimental C p,m data obtained by DSC were used to determine the ∆ L S C p,m (T ) term in (2), yielding a solidus and liquidus phase boundary that matches the literature data and DSC data very well. The impact of ∆ L S C p,m (T ) on the ideal eutectic composition and temperature is shown in Table VII . It can be seen that the ∆ L S C p,m (T ) has a significant effect on the position of the eutectic point and that the phase boundaries calculated from the experimental data match those calculated from literature data. Figure 4 shows that the DSC thermograms (heat flow as a function of temperature) exhibit typical eutectic behavior. The first S-L phase transition-the eutectic peak-is sharp and reaches a maximum at x bip = 0.446, the eutectic composition. The second peak is broad, showing an exothermic signal from the end of the eutectic peak until the liquidus phase boundary is reached.
For compositions approaching the pure components, the onset temperature of the solidus peak tends to be lower than the eutectic temperature. This could be attributed to the formation of a solid solution of small amounts of biphenyl in bibenzyl, and vice versa. For solid solutions, a second phase transition at a higher temperature would be expected. The solid solution then partially melts into the liquid, but this was not observed. Alternatively, the observed lower solidus temperatures could be explained by the effect of the peak shape of the solidus transition at the onset temperature. The solidus peak becomes very small in the regions near the pure components, resulting in a less steep signal increase, which leads to a possible underestimation of the onset temperature. This phenomenon is graphically depicted in Fig. 5 .
From the integral of the solidus peak, the melting enthalpy of the eutectic mixture can be determined. The melting enthalpy of the solidus transition has its maximum at the eutectic composition and decreases linearly with composition towards the pure components. The eutectic composition therefore lies at the intersection of the linear fits of the hypotectic and hypertectic data points in the Tammann-plot; see Fig. 6 . The eutectic composition obtained from the Tammannplot (x bip = 0.459) is slightly higher than the ideal eutectic composition (x bip = 0.446) and the value reported in the literature (x bip = 0.443). The most probable explanation is that the end point of the solidus peak overlaps with the liquidus peak, complicating accurate integration. At the hypotectic side, large variations (10%-20%) were observed that tilted the linear fit, but those could not be labeled as outliers from the residual plots. Taking the unknown accuracy into account, the deviation of the eutectic composition (∼2.8%) was considered acceptable.
In conclusion, the eutectic diagram of the biphenylbibenzyl system obtained from the DSC data closely matches the phase diagram measured by Lee and Warner 33 and can be predicted accurately when assuming ideal behavior. For these reasons, the biphenyl-bibenzyl mixture is a very suitable reference system. 
C. The centrifuge method
Validation of the centrifuge method
The results collected in Fig. 3 clearly show that the centrifuge method SLE data are very close to the liquidus phase boundary constructed earlier 33 and by DSC (this work). It should be noted that the data presented in Fig. 3 were obtained via an optimized experimental procedure for the equipment used in this study. The optimization is reproduced in Sec. III C 2 in order to highlight common sources of systematic errors and approaches that can improve the repeatability, accuracy, and precision of the experiment. Considering the very good agreement of the data shown in Fig. 3 , the optimized centrifuge method can be regarded as a valid method for the analysis of S-L phase boundaries of eutectic mixtures. 
Experimental optimization
Within the centrifuge method, four main steps can be distinguished:
(1) Mixing of the pure components and homogenization of the mixture; (2) equilibration of the mixture at the aimed temperature; (3) phase separation through centrifugation at the aimed temperature; (4) composition and temperature analysis of the liquid top phase. Following the first step, biphenyl and bibenzyl were ground together. If the mixture of interest is prone to co-crystallization or solid solution formation, more extensive homogenization or pretreatment steps might be required; see Sec. III D and Sec. F of the supplementary material. For the ideal eutectic biphenylbibenzyl system, grinding was sufficient and it resulted in a fine and dry powder that was easy to handle. The solid mixture was then transferred into a centrifuge tube for the second step. The centrifuge manufacturer only guarantees a homogeneous temperature throughout the centrifuge when the rotor is spinning, but phase separation is only desirable after equilibration. Hence, the mixture was equilibrated outside the centrifuge to avoid temperature fluctuations. Meanwhile, the centrifuge was brought to the aimed temperature by spinning the rotor without samples. The third step comprises the separation of the phases through centrifugation. Pictures of the phase separated mixtures and those before and after equilibration are presented in Fig. 7 .
After centrifugation, the fourth step was carried out: the measurement of temperature and composition of the liquid phase. Initially, a small sample was taken for composition analysis, followed by the immersion of a Pt100 temperature sensor. It took 2-10 min for the sensors to stabilize at the temperature of the liquid. This allowed the mixtures to cool down during analysis. Moreover, at high temperatures, it took longer to measure a stable temperature than at low temperatures. The different stabilization times of the Pt100 sensor introduced a potential error between the measurements. Figure 8 shows how this method (Pt100) resulted in different compositions at seemingly similar temperatures. The fact that most liquidus temperatures in the hypotectic region are lower than the ideal liquidus phase boundary probably originates from the formation of crystals on the temperature probe. The temperature probe, which is initially at room temperature, acts as a cold sink for the bibenzyl in the liquid top phase and initiates crystallization. An insulating layer of small crystals could be observed on the probe.
In order to avoid crystallization upon sensor immersion and to shorten the sensor stabilization times, the Pt100 sensors were pre-heated at the aimed temperature in an aluminum block. As shown in Fig. 8 , this significantly improved the data. However, the set centrifuge temperature was generally not matching the measured temperature in the liquid top-phase after centrifugation. Therefore, custom-made temperature loggers were developed by Avular B.V., which allowed for the evaluation of the temperature during equilibration (second step) and centrifugation (third step).
From the obtained temperature profiles [e.g., Fig. 9(a) ], it can be concluded that the centrifuge temperature control overheats the mixtures. Since the heating block did reach and maintain the set temperature, the mixtures needed time to acclimatize when switched to the higher temperature at the centrifuge. This might influence the results. Therefore, the relation between the set temperature and the actual temperature of the mixture was determined over the temperature range of the centrifuge (supplementary material, Sec. A). Figure 9(b) shows that the temperature difference between equilibration and centrifugation is reduced and a constant temperature is reached and maintained at an earlier stage during centrifugation. However, after the transfer of the tubes to the centrifuge, the temperature shows a rise or drop. This could not be reduced by a quicker transfer (a few seconds vs. a minute) from the heating block to the centrifuge. It appeared that opening the lid of the centrifuge activates the temperature control of the centrifuge, causing an initial drop or even a rise in temperature. The temperature fluctuations can lead to extra crystal or 
FIG. 8.
T -x phase diagram of the biphenyl-bibenzyl system, based on ideal eutectic behavior and the centrifuge method. The temperature of the liquid top phase was determined using three different procedures: (i) immersing a Pt100 sensor after centrifugation; (ii) the same as (i) with preheated (ph) Pt100; (iii) logging the temperature throughout the whole experiment. Subscripts liq and sol stand for liquidus and solidus transition, respectively. liquid formation. The latter would lead to an over-estimation of the liquefaction of the solid component since the solids that were liquefied during a temperature rise will not recrystallize when the system shows strong supercooling behavior.
The temperature drop could not be avoided since the lid needs to be opened to transfer the samples into the centrifuge. Therefore, an additional static equilibration step was introduced for the samples that were inserted to the centrifuge, which allows the mixture to reach a stable temperature prior FIG. 9 . Typical temperature profiles of mixtures in a centrifuge tube a with temperature logger, where the centrifuge was (a) set at the aimed temperature and (b) set at T aim − T corr (supplementary material, Sec. A). T aim is visualized with a red dashed line. Each profile is divided into three time domains: (i) equilibration in the heating block, (ii) phase separation in the centrifuge, and (iii) sampling of the top phase.
to rotation. As mentioned before, the temperature of the centrifuge in the spinning state differs from that in the static state. Hence, an additional temperature calibration had to be performed that correlates the aimed temperature to the actual temperature in the centrifuge after keeping the rotor static for 1 h (supplementary material, Sec. A). The set centrifuge temperature needed to be changed after static equilibration in order to maintain the same temperature during rotation. Similar to the moment of opening the centrifuge's lid, the temperature control of the centrifuge would induce a drop in temperature if the rotation was started immediately after changing the set temperature. This effect was less pronounced when a little time period (∼1 min) was added between setting the temperature for rotation and starting the rotor. Finally, temperature profiles were obtained that all converged to the aimed temperature with a difference of at most 1 K between the external heating block temperature and the end-point centrifuge temperature during rotation (see Fig. 10 ). After rotation and removal of the sensor, the centrifuge tubes were maintained in the warm centrifuge bucket for the sampling of the liquid phase. The sampling (fourth step) was done as soon as possible after centrifugation and typically within 60 s after the temperature logger was removed from the sample. The average of the last 12 recorded temperatures (2 min) before sampling was taken as liquidus temperature.
In the literature, it has been shown that centrifuged eutectic mixtures are not necessarily homogeneous. 27, 41 Hence, the sampling height could affect the measured composition. This introduces measurement errors, but also raises the question of which sampling height would represent the liquid in equilibrium with the solid phase. The inhomogeneity of the mixtures was evaluated in order to check whether the sampling height affects the composition analysis.
An inhomogeneous liquid top phase after centrifugation is most likely to show a concentration gradient over the height of the tube because that is the direction of the applied centrifugal force field. Therefore, the liquid phase was sampled after equilibration and centrifugation at the top of the liquid layer, as well as close to the S-L interface for all mixtures. One sample (x bip,ini = 0.05) showed a deviation of x bip = 0.017. The liquid layer was very small in this sample, which impeded liquid sampling at different heights without including solids. FIG. 10 . Temperature profile of the sample with initial molar biphenyl fraction 0.05 in a centrifuge tube with a temperature logger. The profile is divided in three time domains: equilibration in the heating block, equilibration in the centrifuge (stat), and phase separation through rotation (rot) in the centrifuge. The centrifuge temperature was set according to the temperature calibration presented in Table A.1. For the other samples, the absolute difference in mole fraction between the two sampling heights (∆x bip ) was typically in the order of 0.001 without a clear dependency on the sampling height (∆x bip < 0.003). See Table E .1 (supplementary material, Sec. E) for an overview of the data. The liquid phase of the biphenyl-bibenzyl system can therefore be considered homogeneous.
Accuracy, precision, and repeatability
The accuracy and precision of the centrifuge method depend mostly on the temperature and composition analysis. The accuracy and precision of the temperature sensor are stated in Sec. II B. The accuracy of the composition analysis by 1 H-NMR was evaluated by preparing and measuring 3 samples with a known composition. The precision was evaluated by measuring and integrating each spectrum 3 times. The results are listed in Table VIII , which shows that the precision as well as the accuracy of the composition improve with increasing biphenyl content. This is the result of the error propagation of the integration errors described in Sec. C.2 of the supplementary material.
The repeatability of the centrifuge method depends on the robustness of the total procedure, which involves all four steps (sample preparation, equilibration, separation, and sampling/analysis). It can best be evaluated by re-preparing and repeating a mixture in a centrifuge tube while keeping all settings constant. Figure 3 shows the data of the repetitions as well as the precision of the analysis method (legend with error bars). The repeated experiments have composition and temperature deviations that slightly exceed the previously discussed precision of the analysis methods.
Most deviations are caused by fluctuations in the mixture's composition. The composition differences do not originate from the liquid sampling because the liquid phase is homogeneous. Hence, multiple samples from the same run resulted in standard deviations within the precisions presented in Table VIII . A possible source of the deviations is the temperature control of the centrifuge, which was not very reliable. Deviations of ±0.8 K as compared to the calibration TABLE VIII. Mole fraction of biphenyl of three 2 g batches with different biphenyl-bibenzyl ratios determined by preparation weight (x bip,w ) and 1 H-NMR (x bip,NMR,i ). From each batch, three 1 H-NMR samples were prepared (A-C), which were all measured and integrated three times (1-3). The absolute standard deviation for each 1 H-NMR sample (δ xbip ) as well as the difference between the average value obtained from 1 H-NMR and that calculated from the added weights is shown. were observed for the static and the rotating centrifuge. For the repeated experiments, the liquidus temperatures shown in Fig. 3 do not seem to vary. However, those temperatures only represent the endpoint of the temperature program that the sample was subjected to. Figure 11 shows the temperature profiles of two different samples and their repetitions. These are the samples with the lowest and the highest deviation in composition. The difference in equilibration temperatures at the heating block for the sample with the largest composition deviation (x bip,ini = 0.25) was 0.6 K. During centrifugation, the temperatures converge, but the main fraction of the liquid is formed and separated from the solids in the heating block (see Fig. 7 ). The temperature difference between equilibration and centrifugation was even larger, emphasizing the deviation of the actual temperature from the calibrated temperature. The sample that has the best repeatability shows very similar equilibration and centrifugation temperatures despite the large temperature drop after being inserted to the centrifuge. Most likely, the largest composition deviations arise from different amounts of liquid formed during equilibration. Especially, in systems that are prone to supercooling, the liquid will not recrystallize rapidly and the highest equilibration temperature will determine the liquid composition.
D. The centrifuge method applied to the urea-ChCl system
Using the centrifuge method, the eutectic phase behavior of the biphenyl-bibenzyl system could be analyzed. However, this system is not prone to supercooling. The method was therefore also applied to a system that does show significant supercooling, the DES urea-ChCl. Figure 12 shows the results, including existing literature data for this system. The development of the centrifuge method was initiated to measure the urea-ChCl system. Hence, most data were recorded with pre-heated Pt100 sensors before the temperature loggers were introduced. Two samples were repeated with the optimized method including loggers; the results matched with the trend found with pre-heated Pt100 sensors.
The DSC thermograms presented by Meng et al. 13 and Morrison et al. 34 confirm that the urea-ChCl system is prone to supercooling. A cold-crystallization peak distorts the baseline, forcing the measurements towards very slow heating rates and lower sensitivities. The supercooling tendency also explains the generally lower liquidus temperatures reported by the initial study of Abbott et al. since the data were obtained upon cooling. 1, 13 Kim and Park 42 misinterpreted the solidsolid transition of ChCl (∼351 K) 43, 44 as a liquidus transition. The literature data observed by Meng et al. 13 and Morrison et al. 34 were therefore considered the most reliable. Hence, the centrifuge method was able to reproduce the liquidus phase boundary reported in the literature at the hypotectic side.
At the hypertectic side, the centrifuge method yields higher liquidus temperatures than those observed in the literature. The liquidus temperatures measured with the centrifuge method prolong the trend observed for the compositions rich in urea (x urea ≥ 0.75), implying a simple eutectic mixture. A continuous liquidus phase boundary could not be recognized for the literature data in the composition range 0.65 ≤ x urea ≤ 0.75; this could be explained by the formation of a co-crystal, as observed by Morrison et al. 34 In the current approach, urea and ChCl were ground together and equilibrated at the aimed temperature. For co-crystal formation, the sample should be completely liquefied and recrystallized prior to the measurement. As suggested by Morrison et al., 34 T -x phase diagram of the urea-ChCl system. The centrifuge method data were obtained with preheated (ph) Pt100 and a temperature logger. Some samples were prepared by grinding the co-crystal (CC) together with either ChCl (hypotectic) or urea (hypertectic). Meng et al. recorded their data with DSC and hot-stage microscopy (HSM); 13 other literature data were reported by Kim and Park, 42 Morrisson et al., 34 and Abbott et al. 1 shows two eutectics close to the stoichiometric composition, one with ChCl and one with urea. They also suggested that formation of the co-crystal can be hampered by an excess of either urea or ChCl. Recrystallization does therefore not necessarily lead to a mixture containing the co-crystal, which could also explain the large differences between the HSM and DSC data at x urea ≈ 0.75 of Meng et al. (Fig. 12) .
In order to ensure the presence of the co-crystal, a mixture with x urea = 0.667 was melted, recrystallized, and subsequently ground together with urea or ChCl. These samples were then analyzed with the centrifuge method, showing no deviations at the hypotectic side. At the hypertectic side, however, the liquidus phase boundary shifted to lower temperatures (Fig. 12) . The centrifuge method data on the urea-co-crystal system are now coinciding with the DSC data from the literature and confirming slightly different eutectic behavior as compared to urea-ChCl mixtures. If co-crystal formation is expected, best would thus be to prepare samples from a solid mixture of co-crystal + one of the pure components or completely recrystallize the samples from the liquid phase prior to the measurement. Solid-solution formation may also contribute to the differences between recrystallized urea-ChCl and a mixture of pure solids; see Sec. F of the supplementary material.
The large differences between the different analysis methods at x urea ≈ 0.75 are a topic for further investigation. The transition observed with DSC could be studied in more detail at smaller composition intervals or with supplementary analysis techniques such as X-ray scattering.
IV. CONCLUSIONS
The phase behavior of biphenyl-bibenzyl mixtures described in the literature was confirmed with DSC and can be easily predicted theoretically because it behaves ideally. This system was used to validate the centrifuge method, an alternative equilibrium-based method to study the liquidus phase boundaries of eutectic systems. Liquidus temperatures obtained with the centrifuge method match the literature data. For the biphenyl-bibenzyl system, the largest deviations originated from the poor temperature control of the commercial centrifuge used in this study. Hence, the quality of the data could probably be further improved by using a centrifuge with a more accurate temperature control.
The centrifuge method yielded a simple (non-ideal) eutectic phase diagram for the urea-choline chloride system, which shows that it is possible to measure the liquidus phase boundaries of mixtures that are prone to supercooling. One should, however, be careful upon data interpretation for systems that can form co-crystals and/or solid solutions when the samples were prepared from its pure solid constituents.
For the biphenyl-bibenzyl system, no concentration gradient was observed in the liquid phase after centrifugation. However, when measuring other systems, the homogeneity of the liquid phase should be verified again. The liquid composition should be evaluated at different heights for at least one sample on both the hypotectic and hypertectic regions of the phase diagram. It is also recommended to monitor the temperature of the mixture throughout the whole experiment.
Using the centrifuge method, the solid-liquid equilibrium phase behavior can be determined accurately without the need to recrystallize the mixture from the liquid phase within short time periods. This offers a great advantage when studying the phase behavior of mixtures that exhibit severe supercooling, such as most hydrophilic deep eutectic solvents. The centrifuge method therefore offers a means to rapidly explore the liquid range of eutectic mixtures at the operating temperature of interest and therefore to determine the compositions at which these mixtures can be applied as a liquid.
SUPPLEMENTARY MATERIAL
See supplementary material for more details on the centrifuge overheating, the dependency of DSC peak events on heating rate, and the procedures regarding 1 H-NMR analysis. Also presented are the phase behavior data and fitting parameters for the heat capacity, as well as a discussion on the impact of solid solution formation. 
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